Cellular human immunodeficiency virus type 1 (HIV-1) DNA may be considered a marker of disease progression with significant predictive power, but published data on its correlation with plasma HIV RNA levels and CD4 counts in acute and chronic patients are not conclusive. We evaluated a cohort of 180 patients naïve for antiretroviral therapy before the beginning of treatment and after a virological response in order to define the indicators correlated with HIV DNA load decrease until undetectability. The following variables were evaluated as continuous variables: age, CD4 cell count and log 10 HIV DNA level at baseline and follow-up, and baseline log 10 HIV RNA level. Primary HIV infection at the start of therapy, an HIV RNA level at follow-up of <2.5 copies/ml, origin, gender, and transmission risk were evaluated as binary variables. The decline of HIV DNA values during effective therapy was directly related to baseline HIV DNA and HIV RNA values, to an increase in the number of CD4 cells, and to the achievement of an HIV RNA load of <2.5 copies/ml. An undetectable cellular HIV DNA load was achieved by 21.6% of patients at the follow-up time point and correlated significantly with lower baseline cellular HIV DNA values and with being in the primary stage of infection when therapy started. In conclusion, early treatment facilitated the achievement of undetectable levels of plasma viremia and cellular HIV DNA and a better recovery of CD4 lymphocytes. HIV DNA levels before and during highly active antiretroviral therapy may be used as a new tool for monitoring treatment efficacy.
T
he cellular HIV DNA load correlates directly with the number of latently HIV-infected cells that constitute the viral reservoir and is considered an independent marker of disease progression (16) with a strong predictive power for acute and chronic patients (12, 25) . Therefore, the cellular HIV DNA load can also be considered a potential indicator for the initiation of highly active antiretroviral therapy (HAART). The HIV DNA load predicts the long-term success of HAART in naïve patients and is able to anticipate virological failure in treated patients. Recently (17) , a prospective multicenter study assessed the predictive value of peripheral blood mononuclear cell (PBMC) HIV-1 DNA for determining virological and immunological outcomes in a cohort of 148 patients who were treated (starting from 1998) with a first-line protease inhibitor (PI)-containing regimen, and it demonstrated that a higher baseline HIV-1 DNA level was associated with an increased risk of virological failure after 1 year of HAART. This phenomenon was conserved long-term (7 years) according to univariate analysis but was no longer significant by multivariate analysis. No short-term or long-term effects of HIV-1 DNA level on the immunological outcome were observed. A small follow-up study of 51 patients indicated that the HIV DNA load was the only predictive parameter of virological rebound in the group of nonresponders (15) . Furthermore, in patients with advanced therapeutic failure, a larger HIV DNA load may be associated with smaller increases in CD4 count. Therefore, HIV DNA levels were recently suggested as a useful tool for the case management of patients in the late stages of disease (3) .
HAART-mediated reductions in HIV DNA levels were studied (29) in a 5-year follow-up of 25 patients who were treated with HAART. The study showed that the largest HIV DNA decrease was evident during the 1st year of therapy, followed by milder decreases during the 2nd and 3rd years, without any further diminution, suggesting that any additional benefit of treatment in terms of reduction of the viral reservoir was unlikely. The evolution of HIV DNA was not different for patients with baseline CD4 cell counts that were above or below the median value (127 cells/mm 3 ).
For 236 patients receiving successful therapy for more than 3 years (7), a univariate analysis showed that HIV-1 DNA levels did not correlate with therapy duration, time spent with undetectable HIV-1 RNA, or the occurrence of a viral blip, defined as a viral RNA level of Ͻ1,000 HIV RNA copies/ml. The plasma HIV-1 RNA zenith and CD4 cell count nadir remained predictive of HIV-1 DNA levels in the multivariate model. In clinical practice, a significant number of patients reached undetectable HIV DNA levels during HAART.
Given the conflicting reports on the correlation among HIV DNA levels and the virological and immunological responses to treatment, we evaluated a cohort of 180 patients who were studied before the beginning of treatment and after a virological response to HAART to elucidate the indicators that correlated with a decreased or undetectable HIV DNA load.
(Preliminary data from this study were presented as an oral communication at the 50th Interscience Conference on Antimicrobial Agents and Chemotherapy, Boston, MA, 2010 [H-1167, session 113].)
MATERIALS AND METHODS
A cohort of 180 HIV-infected subjects who were naïve for antiretroviral therapy were enrolled in five infectious disease units in the Veneto region of Italy. Patients were selected retrospectively among those who achieved virological suppression with first-line therapy within 6 months and maintained plasma HIV RNA levels of Ͻ50 copies/ml without virological failures until the follow-up evaluation. A blood sample was collected before the beginning of therapy (T0) and at the time of follow-up (T1), which ranged from 6 months to 6 years after achieving virological suppression.
In the event of a change in HAART, the change was accepted if it was due to intolerance or pill burden convenience. Patients who interrupted treatment or needed treatment modifications for failure were excluded from the study. Patients who had more than one viral blip per year after achieving viral suppression, which was determined by frequent blood sampling (at least 4 times per year), were not considered useful for the aim of the study and were not included.
All of the enrolled subjects gave informed consent to all procedures and the use of their blinded data for a scientific evaluation and publication. The local government, which was represented by the Veneto Regional Health Authority, approved the study and provided funding. This study was conducted in accordance with the Helsinki Declaration and with local legislation.
A primary HIV infection was defined by the presence of the following: (i) a negative or indeterminate HIV antibody enzyme-linked immunosorbent assay associated with HIV RNA-positive plasma or (ii) an initially negative test for HIV antibodies followed by positive serology within 18 months.
HIV genotypic analyses to detect subtypes were performed as previously described (24) .
Blood samples collected in EDTA-containing tubes were separated into plasma and cells by Ficoll-Paque Plus density gradient centrifugation. Aliquots of plasma and dried pellets of 2 ϫ 10 6 PBMCs were stored at Ϫ80°C until use. Baseline and follow-up blood samples in EDTA were submitted to the Laboratory of Virology at the University of Padova and stored within 6 h of collection until analysis.
Cellular HIV DNA quantitation. The extraction and purification of DNA from cells were performed using a QIAamp blood kit (Qiagen, Inc., Chatsworth, CA). The real-time TaqMan protocol published by Viard and colleagues (29) was used to quantify the cellular HIV DNA copy number in PBMCs. The cell line 8E5, which contains one copy of integrated HIV DNA in each cell, was used to build a standard curve, with a sensitivity of 5 copies/million PBMCs (21) .
Duplicate analysis within the same experiment was conducted for both HIV and beta-globin evaluation, and means for these values were calculated. When delta values were more than 10%, the sample was analyzed again. Baseline and follow-up samples from a patient were always evaluated in the same experiment; this procedure was possible because only complete sample sets (T0 and T1) from the patients, selected retrospectively, were considered. A previously evaluated sample was regularly added as an internal control.
Quantification of residual plasma viremia. Plasma samples were obtained from blood that had been collected, frozen at Ϫ80°C within 6 h of collection, and kept at this temperature until tested. Residual viremia was quantified using an ultrasensitive method based on a modified Amplicor HIV-1 Monitor test, version 1.5 (Roche Molecular Systems, Branchburg, NJ), with a limit of detection of 2.5 copies/ml (21) . Modifications included pelleting viruses from 2 ml of plasma at 23,600 ϫ g at 4°C for 2 h, adding half of the normal volume of the quantification standard, and resuspending the RNA pellet in 50 l of diluent. The entire volume of resuspended RNA was assayed using reverse transcription and PCR amplification. These and subsequent detection steps were performed following the manufacturer's protocol.
Patients were subdivided into the following 4 groups at the follow-up time point: (i) subjects with undetectable plasma viremia at the time of evaluation, defined as ultralow (UL; Ͻ2.5 HIV RNA copies/ml); (ii) those with low-level plasma viremia (LL; 2.5 to 20 copies/ml); (iii) those with high-level plasma viremia (HL; 20 to 50 copies/ml); and (iv) those with viral blips (VB; Ͼ50 to 1,000 copies/ml). Patients with plasma viremia of Ͼ1,000 copies/ml at the follow-up time point were not included.
Statistical analysis. The following variables were analyzed. Age, CD4 cell counts at baseline and follow-up, log 10 HIV DNA copies/10 6 PBMCs at baseline and follow-up, and log 10 HIV RNA copies/ml were evaluated as continuous variables. An HIV RNA level under the lowest threshold level (under 2.5 copies/ml) at follow-up, primary HIV infection, stranger origin, male gender, homosexual risk, and injection drug use were evaluated as binary variables.
All variables were submitted to pairwise correlation analysis in order to outline the underlying linkage pattern in the evaluated population. The correlation was established by linear regression analysis when at least one variable was continuous. When both paired variables were categorical (binary), the chi-square test was used.
Time-to-event procedures were employed as well. In this context, the Kaplan Meier (KM) nonparametric approach (with log rank test) and the semiparametric proportional hazards Cox regression method were used. The latter was performed with an aim toward a multivariate scope.
A time-to-event (survival) analysis was performed by using the lowering of the follow-up HIV DNA load to Ͻ5 copies/10 6 PBMCs as the relevant event. Therefore, the defined event was a favorable outcome, and the term "hazard" or "risk" meant the probability of this outcome.
The effects of the relevant explanatory variables were investigated by adopting the Cox semiparametric cumulative hazards regression method. Initially, a bivariate analysis was performed. Thereafter, a multivariate approach was exploited.
RESULTS
The median age of the 180 selected patients was 41 years (range, 19 to 79 years). A total of 140 subjects were male (77.8%), and 63/180 subjects (35%) were men who reported having sex with men as a risk factor. A total of 84 patients (46.7%) were heterosexual, 17 patients (9%) were intravenous drug users, and 16 patients had undetermined risk factors. Among 180 subjects, 138 subjects (76.7%) were Italian.
At the beginning of HAART, the median CD4 count was 250 cells/mm 3 (range, 0 to 1,090 cells/mm 3 ), and the median CD4 cell percentage was 15% (range, 0 to 42%). The median HIV RNA level was 5 log 10 copies/ml (range, 1.91 to 6.97 log 10 copies/ml), and the median HIV DNA level was 3.26 log 10 copies/10 6 PBMCs (range, 1.34 to 4.84 log 10 copies/10 6 PBMCs).
In 48 subjects (26.6%), a non-B-subtype strain was detected. Patients with the non-B subtype were more likely to be younger (P ϭ 0.0007), have a stranger origin (P Ͻ 0.0001), be female (P Ͻ 0.0001), and have lower baseline plasma HIV RNA levels (P ϭ 0.0075). A total of 21 patients (11.6%) were enrolled and started therapy during the acute infection period.
Trend of HIV DNA and correlation with other parameters. A reduction of HIV DNA values between T0 and T1 was present in all studied patients.
To assess the relationships between the trend of HIV DNA load (from T0 to T1) and the other parameters, a pairwise correlation analysis was performed. The log 10 values for cellular HIV DNA at T1 correlated positively with the baseline values for cellular HIV DNA and plasma HIV RNA (P Ͻ 0.0001 and P ϭ 0.0257, respectively), with achievement of an undetectable value of plasma HIV RNA (Ͻ2.5 copies/ml) at T1 (P Ͻ 0.0001), and with primary HIV infection at the start of therapy (P Ͻ 0.0001), and they correlated negatively with the baseline value for CD4 count (P ϭ 0.0236).
The correlation between the changing values of cellular HIV DNA and CD4 cell counts over time was investigated using a multilevel, mixed-effects multivariate regression analysis (Fig. 1) . The dependent variable was log 10 HIV DNA. After a preliminary inclusion of several explanatory covariates, including CD4 cells, low HIV RNA level (Ͻ2.5 copies/ml at T1), primary HIV infection at the start of therapy, non-B HIV subtype, age, nationality other than Italian, intravenous drug use, and men having sex with men, only the CD4 cell count and HIV RNA level (Ͻ2.5 copies/ml at T1), along with time, were retained as significant. Time was also included in the random effects section. The observations were grouped by patients. Figure 1 reports the log 10 HIV DNA levels as a function of CD4 counts at time points T0 and T1, along with linear predictions. Examining the coefficients, we noted that if the CD4 cell count increases by 1, the HIV DNA level should be multiplied by 0.998 (i.e., 10 Ϫ0.0017 ϭ 0.998). If the undetectable HIV RNA level at T1 changes from 0 (partial suppression) to 1 (full suppression), the DNA level should be multiplied by 10 Ϫ0.3273 (0.471). If time increases by 1 year, the DNA level should be multiplied by 10 Ϫ0.4539 (0.352). For example, with 400 CD4 cells, the HIV DNA level is 477 copies/ml in a patient with partial plasma viral RNA suppression at T1 (time of follow-up ϭ 1 year). Then, if the HIV RNA level at T1 turns from partial to full suppression of plasma viral RNA, the DNA level changes to 224 copies. In general, the HIV DNA level is calculated as follows: 2,652 ϫ 0.998 CD4 ϫ 0.471 RNA at T1 ϫ 0.352 time , where 10 3.4237 (10 intercept ) ϭ 2,652.
Investigating the possible role of several covariates (CD4 cell count change, age, gender, nationality other than Italian, men who have sex with men or intravenous drug use as a risk factor, achieving Ͻ2.5 copies/ml of plasma HIV RNA, primary infection at the start of therapy, and non-B HIV subtype) in predicting a reduction of the log 10 value of the cellular HIV DNA load at T1, a final model showing a significant correlation was obtained with two explanatory covariates that independently exerted significant effects: the CD4 cell count increase from T0 to T1 (P ϭ 0.004; 95% confidence interval [95% CI], 0.000 to 0.001) and achieving Ͻ2.5 copies/ml of plasma HIV RNA (P ϭ 0.022; 95% CI, 0.048 to 0.609).
Undetectable HIV DNA load (<5 copies/10 6 PBMCs) at T1 and correlation with other parameters. To assess whether some parameters (CD4 cell count, baseline log 10 DNA and log 10 RNA levels, suppression of plasma viremia to Ͻ2.5 genomic copies/ml, primary HIV infection, HIV subtype, ethnicity, gender, and HIV transmission risk) might be related to achieving an undetectable HIV DNA load at T1, a time-to-event (survival) analysis was performed, using the achievement of a cellular HIV DNA load of Ͻ5 copies/10 6 PBMCs as the relevant event. Thirty-nine patients (21.6%) reached this outcome among the 180 patients who were included in the cohort.
The effect of the relevant explanatory variables was investigated by adopting the Cox semiparametric cumulative hazards regression method. Using bivariate analysis, the dependent variable was the successful event, which was defined as a cellular HIV DNA load under the threshold of 5 copies/10 6 PBMCs. The achievement of Ͻ5 copies/10 6 PBMCs for the cellular HIV DNA load correlated with lower baseline log cellular HIV DNA levels (P Ͻ 0.001), with achievement of undetectable levels of HIV RNA (Ͻ2.5 copies/ml) at T1 (P ϭ 0.003), and with having primary infection at the start of therapy (P ϭ 0.006). No correlation was found between an HIV DNA load of Ͻ5 copies/10 6 PBMCs at T1 and baseline CD4 cell counts.
This approach failed to obtain a significant result when the explanatory variable was the baseline log 10 RNA level. However, a correlation between the dependent variable and the above predictor was demonstrated by two alternative methods: (i) counting the successful proviral DNA suppression events after stratifying the baseline plasma RNA loads into three levels (Ͻ10,000, 10,000 to 99,999, and Ն100,000 copies/ml), and using the Pearson chisquare test thereafter ( 2 ϭ 7.4397; P ϭ 0.024); and (ii) performing analysis of variance (ANOVA) on baseline log 10 RNA levels versus cellular HIV DNA suppression (P ϭ 0.0340). Using a multivariate analysis, only the log 10 baseline cellular HIV DNA value maintained an independent predictive role in the achievement of an undetectable HIV DNA load at T1 (P Ͻ 0.001; 95% CI, 0.211 to 0.480). In particular, it was demonstrated that an increase of 1 log in the cellular HIV DNA load at baseline reduced the probability of the favorable event by approximately one-third.
In Fig. 2 , the proportion of patients who were exempt from the relevant event (cellular HIV DNA at T1 was reduced to Ͻ5 copies) was plotted as a function of time (years). The effects of the baseline log 10 HIV DNA values are indicated as 10th, 50th, and 90th percentiles, corresponding to 2.42, 3.26, and 3.79 log 10 copies/10 6 PBMCs, respectively.
Effect of therapy during primary infection. The main characteristics of the population were assessed using a pairwise correlation analysis, which showed that having primary infection at the start of therapy correlated positively with high CD4 counts at baseline (P Ͻ 0.0001) and at T1 (P ϭ 0.0076), achieving Ͻ2.5 copies/ml of plasma HIV RNA at T1 (P ϭ 0.0003), and low cellular HIV DNA levels at T1 (P Ͻ 0.0001).
Achieving HIV RNA levels of Ͻ2.5 copies/ml at T1 correlated with low baseline values of plasma HIV RNA (P ϭ 0.0007), low baseline cellular HIV DNA levels (P ϭ 0.0004), low cellular HIV DNA levels at T1 (P Ͻ 0.0001), and high CD4 cell counts at T0 (P Ͻ 0.0001).
Effect of HAART on residual plasma viremia. At T1, the subjects were subdivided into the following four groups according to plasma viremia values: (i) UL (Ͻ2.5 copies/ml), (ii) LL (2.5 to 20 copies/ml), (iii) HL (Ͼ20 to 50 copies/ml), and (iv) VB (Ͼ50 to 1,000 copies/ml). Immunovirological values for these patients are shown in Table 1 .
The effects of the current treatment on the achievement of an HIV RNA level of Ͻ2.5 copies/ml at T1, in terms of using a different third drug that was associated with the same backbone, were evaluated using a semiparametric analysis.
Explanatory treatment variables were efavirenz (71 patients receiving treatment at T1), nevirapine (21 patients), ritonavirboosted protease inhibitors (83 patients), and a third nucleoside 
DISCUSSION
In the study cohort, the decline of HIV DNA values during effective therapy was directly related to HIV DNA and HIV RNA values at the beginning of HAART (P Ͻ 0.0001 and P ϭ 0.0257, respectively), to a gain in the number of CD4 cells (P ϭ 0.02369), and to achievement of an HIV RNA load of Ͻ2.5 copies/ml (P Ͻ 0.0001).
A lower HIV DNA load after a defined duration of HAART was significantly related to a higher pre-HAART CD4 cell count and percentage and a prolonged duration of antiretroviral treatment (2, 19, 27, 30) . Furthermore, the absence of previous exposure to antiretroviral therapy was a predictive factor for larger decreases in cellular HIV-1 DNA levels (19) . Finally, in patients with undetectable levels of plasma viremia after 1 year of HAART, the highest reduction of HIV DNA was obtained in subjects who started treatment in the early asymptomatic phase of infection, with more than 500 CD4 cells/mm 3 (2) .
In our study, 21.6% of patients achieved a cellular HIV DNA load of Ͻ5 copies/10 6 PBMCs at the follow-up time point. This favorable outcome correlated with lower baseline cellular HIV DNA values (P Ͻ 0.001) and with being in the primary stage of infection at the start of therapy (P ϭ 0.006). A 1-log 10 increase in the HIV DNA load at baseline reduced the probability of reaching Ͻ5 copies/10 6 PBMCs by approximately one-third at the follow-up time. Moreover, a strong correlation between cellular HIV DNA decreases and CD4 cell count increases over time was demonstrated.
In agreement with another study (9) , a large proportion of patients (40.5%) achieved undetectable levels of plasma HIV RNA (Ͻ2.5 copies/ml) at the follow-up time point. This virological endpoint was correlated with low cellular HIV DNA levels at baseline (P ϭ 0.0004) and follow-up (P Ͻ 0.0001), low baseline plasma viremia (P ϭ 0.0007), and high CD4 cell counts at baseline (P Ͻ 0.0001) and follow-up (P ϭ 0.0329).
In a cross-sectional analysis after 2 years of effective HAART, only 5 of 84 subjects (6%) had undetectable levels of proviral HIV DNA, and 42 subjects had HIV RNA values of Ͻ2.5 copies/ml (23) . The use of nonnucleoside reverse transcriptase inhibitor (NNRTI)-based HAART was the only independent predictor of plasma RNA suppression below the cutoff value.
The differences in these results can be explained by the characteristic features of the enrolled patients: different exclusion criteria for virological failure were used. In addition, in the study by Palmisano et al. (23) , only 26% of patients were on PI therapy, and Ͻ2% of these patients used boosted PI therapy.
The correlation between the favorable HIV RNA and HIV DNA outcomes was described in a cross-sectional study by Chun et al. (9) , who reported the frequency of CD4 T cells carrying HIV proviral DNA. When the data on HIV proviral DNA burden were stratified based on residual plasma viremia, a statistically significant difference was observed between the study subjects with undetectable (0 copies) and detectable (1 to 49 copies) plasma viremia (P ϭ 0.01). These results indicate that the frequency of CD4 T cells carrying HIV proviral DNA in infected individuals with undetectable plasma viremia is lower than that for individuals with detectable plasma viremia. In the current study, our results confirm this observation, using total PBMCs, and provide new insights regarding the predictive value of baseline virological values from archives.
A previous study suggested (22) that low-level persistent viremia was derived from at least two cell compartments: one compartment demonstrated viral production decay over time, whereas a second compartment maintained stable viral production for at least 7 years.
Hatano et al. (14) observed that plasma viremia continued to decline during the first 12 months after viremia was undetectable by conventional methods and remained stable, appearing to achieve a steady-state set point during long-term combination therapy.
This residual viremia was not reduced by treatment intensification (10, 11, 18) . However, these results are under debate (8) , as it has been suggested that residual viremia does not arise from ongoing cycles of HIV-1 replication and infection of new cells.
Latently infected, resting CD4 T cells and/or unidentified viral reservoirs are capable of producing low levels of virions for prolonged periods in individuals receiving HAART for extended times (4) . Previous studies observed that residual plasma viruses and CD4 T cell-associated viruses were separately compartmentalized (6, 26) . Nevertheless, in a recent study, clonal sequences recovered from residual HIV-1 viremia in patients receiving intensified HAART were identical to replicating viral RNAs that were recovered from circulating resting CD4 ϩ T cells (1) .
Our data show that an undetectable level of plasma viremia, low HIV DNA levels, and high CD4 counts are more probably attained by patients who start HAART while having a low level of cellular HIV DNA.
The timing of HAART intervention was suggested to have remarkably different effects on the HIV DNA compartment. Twenty-one of 180 subjects in our population started therapy during the phase of primary infection. A total of 16 subjects had Ͻ2.5 copies/ml of HIV RNA at follow-up (P ϭ 0.0003). This very early therapy correlated with lower HIV DNA levels at follow-up (P Ͻ 0.0001) and with achieving a cellular HIV DNA load of Ͻ5 copies/ 10 6 PBMCs (P ϭ 0.006). Using a multivariate analysis, only cellular HIV DNA levels maintained an independent predictive role in the achievement of undetectable cellular HIV DNA in the study population. These data are in agreement with data obtained from patients who were treated in the early, asymptomatic phase of infection (2) and in primary infection (20, 30) . Finally, it was reported that patients who were treated before or within 6 months after seroconversion harbored smaller reservoirs of recoverable HIV after 1 year of HAART than patients who were treated for 3 to 6 years during chronic infection (28) .
More potent effects on residual viremia have been demonstrated with the use of NNRTIs than with protease inhibitors (5, 21) , and a better performance of nevirapine than efavirenz has been suggested (5, 13) . In this study, no significant association was demonstrated between HAART composition and undetectable levels of HIV DNA. Efavirenz showed the best performance, approaching statistical significance (HR ϭ 1.55; Z ϭ 1.84). It is important that the majority of patients received first-line treatment and that few patients were treated with nevirapine.
A bias in this study needs to be discussed. Only peripheral HIV DNA was suitable for the analysis, and the measure of a clinically useful and easily accessible parameter was planned; not differen-tiating between integrated and nonintegrated HIV DNA forms makes it difficult to comment on the potential prognostic value of DNA levels, but we were unable to measure the baseline values of nonintegrated virus because we lacked an adequate quantity of PBMCs (about 6 ϫ 10 7 PBMCs are needed) stored at T0 for this analysis, and the follow-up values without a baseline reference would not be interpretable.
In conclusion, low HIV DNA levels during HAART correlate with CD4 counts and with low-level residual viremia. Treatment during the early phase of HIV infection facilitates the achievement of undetectable levels of plasma viremia and cellular HIV DNA, as well as a better recovery of CD4 lymphocytes. HIV DNA level evaluations before and during HAART may be used as a new tool for monitoring the efficacy of treatment.
